Several controversies regarding the mechanical behavior of Mg at moderate temperatures and quasi-static strain rates remain unsolved. In particular, the fundamental reasons behind the anomalous grain size dependence of the flow stress during power law slip-dominated creep as well as of the observed decrease of the strain anisotropy with increasing temperature are still unknown. This work aims to shed light on these two issues by bringing new experimental evidence obtained by EBSD-aided slip trace analysis. Two pure Mg polycrystals with average grain sizes (d) of 36 µm and 19 µm, and similar textures and grain boundary (GB) misorientation distributions were prepared by rolling and annealing and were subsequently tested in tension along the rolling direction (RD) at 150ºC and 250ºC and at 10 -3 s -1 . Their macroscopic mechanical response is related to the corresponding microstructure and texture evolution after straining, as well as to the frequency of slip traces corresponding to basal, prismatic and pyramidal <c+a> systems. This work highlights the prominent role of basal slip during high temperature deformation of microcrystalline pure Mg and suggests that this enhanced basal activity might be key to rationalize the two controversies under scrutiny.
Introduction
The enormous potential of Mg alloys for lightweighting was established early on in the 20 th century [1] . and a significant amount of research has been carried out over the last fifteen years in order to improve critical mechanical properties of these materials, namely, the mechanical strength, the room temperature formability and the high temperature creep resistance [2] . However, optimization of strategies to design the absolute best alloy and microstructure still rely on the resolution of several issues that remain, to date, controversial. This paper focuses, in particular, on addressing several unresolved matters pertaining the high temperature deformation of Mg that are presented in detail below.
First, the effect of grain size on the high stress creep behavior of Mg alloys is not clear. Creep plasticity of metallic materials has been modeled using the well-established phenomenological relationship between the steady-state strain rate ( ) and the corresponding stress (σ) [3] :
where A 0 is a constant, k is Boltzmann´s constant, Q c is the activation energy for creep, E is the Young´s modulus, and n, the stress exponent, is constant over large temperature, stress and strain rate ranges. In particular, at moderate to relatively high strain rates and temperatures, n may be 3, usually associated with viscous glide of dislocations, or it may adopt values between 4 and 7 when the dominant mechanism is climb-controlled dislocation slip. Grain size changes are known to have a negligible effect on the elevated-temperature flow properties of metals creep deformed under such conditions [3, 4] . Decreasing grain size usually leads to insignificant increases in the yield strength (σ y ) as the potency of grain boundaries as strengthening elements decreases dramatically with temperature [5, 6] .
However, several conflicting evidences have been published regarding the effect of grain size during power law creep in Mg alloys [7] [8] [9] [10] [11] [12] [13] [14] . In particular, while some researchers confirm the insensitivity to grain size of the flow stress [7, 8] , others report a non-negligible decrease in creep strength with decreasing grain size [9] [10] [11] [12] [13] [14] [15] . The currently divergent views on the effect of grain size on power law creep of Mg alloys have, to date, not been reconciled. For example, Vagarali and Langdon [7] comparing their own data with earlier works, confirm a very similar creep behavior of pure Mg with average grain sizes (d) between 60 µm and 100 µm tested under conditions for which n=5.2. Similarly, Watanabe et al. [8] did not report any changes in the flow stress of the AZ31 alloy with d values ranging from 180 µm to 300 µm and tested at 375°C at strain rates between 10 -5 s -1 to 10 -3 s -1 , for which n=3. In contrast, Kim et al. [9] revealed strengthening of an AZ31 alloy tested at temperatures higher than 300°C and strain rates between 10 -4 s -1 to 10 -3 s -1 (n=5) when the grain size was increased from 11.5 µm to 130 µm. A similar grain size strengthening effect was reported by Del Valle et al. [10] in an AZ31 alloy deformed under similar testing conditions when d increased from 17 µm to 40 µm (n=6-7). The mentioned unexpected anomalous grain size effect during creep regimes in which dislocation motion is the dominant deformation mechanism is also supported by experimental evidence provided in other works [11] [12] [13] [14] [15] . The origin of this phenomenon has still not been clarified.
A second controversial issue is the role played by pyramidal <c+a> slip systems and grain boundary sliding (GBS) during deformation of magnesium alloys at moderate temperatures (T≈150°C-250°C) and quasi-static strain rates ( ≈10 -3 s -1 ). Both mechanisms allow accommodating deformation along the c-axis and, thus, the prevalence of one or the other has proven hard to distinguish under some testing conditions. This discussion originated by the observation of a dramatic drop in the strain anisotropy (r-value) of an AZ31 rolled sheet alloy deformed along the transverse direction (TD) from a room temperature value of 3.5 to about 1.5 at 200°C [16] , which was consistently reported later by several authors [17] [18] [19] [20] [21] . Viscoplastic self-consistent modeling (VPSC) has confirmed that either an enhanced activity of pyramidal <c+a> slip [16] [17] [18] or an increased contribution of GBS [19] [20] [21] could in theory account for the observed decrease of the r-value with temperature. Furthermore, the experimental difficulties associated with accurately estimating slip or GBS activity also do not facilitate the resolution of this open question. Transmission electron microscopy (TEM) has been often utilized to assess the nature of the active dislocations, but this method has inherent limitations [22] , including the difficulty in sampling large volumes, the likelihood of removing dislocations during sample preparation as well as of damaging of the thin area by beam irradiation, which might bias the analysis. GBS activity has recently been investigated in a Mg AZ31 sheet alloy under the temperatures and strain rates of interest by the quantification of boundary shears along pre-designed grids placed on the specimen surface by focused ion beam (FIB) deposition of Ga atoms [17] , by the analysis of surface relief using interferometric techniques [20] , and by the in-situ observation of grain boundary cracking and of jogging of fiducial cracks in a scanning electron microscope (SEM) [18] . An enhanced contribution of GBS with increasing temperature was not observed. However, these methods also have limitations as grain boundary shearing and surface relief could also arise as a consequence of intergranular strain accommodation during dislocation slip-dominated deformation. 
Experimental procedure
The material employed in the present work was commercial high quality pure magnesium (99.95%), which was received as a 10 cm diameter ingot in the as-cast considering only GBs with misorientation angles greater than 15º and using a factor of 1.74. The macrotexture of the two processed samples was measured by the Schulz reflection method using a Philips X'pert-Pro Panalytical X-ray diffractometer furnished with a PW3050/60 goniometer and filtered Cu Kα radiation. The surface area examined was about 1 cm 2 . XRD data were corrected for background and defocusing using the Philips X'pert software. From the incomplete measured pole figures the orientation distribution function (ODF) and, then, the complete calculated pole figures were constructed using the MTEX package [23] . [18, 24] . This approach consists of the following steps. First, several large areas within the gage length of the tensile specimens are mapped by EBSD prior to testing.
Next, samples are loaded and the evolution of the surface within the large EBSDmapped areas is followed by SEM imaging. In particular, special attention is paid to capturing the appearance of slip traces in as many grains as possible during deformation. The low pressure in the SEM chamber during the tensile tests is critical to avoid surface oxidation, which would severely hinder the observation of slip traces.
Subsequently, tests are stopped at a selected strain and post-mortem EBSD examination of the same selected large areas is carried out with the aim of acquiring the final orientations of the grains in which slip traces were noticed. Finally, the assignment of each slip trace detected by SEM examination to a specific slip system is carried out by inputting the Euler angles of the corresponding grain (measured from the post-mortem EBSD maps) into a MATLAB code which provides as output a visual representation of all the possible plane traces corresponding to that particular orientation [25] .
Comparison of the slip trace under study with those simulated by the code allows selecting the actual active slip system. Table 1 summarizes the number of slip traces analyzed in each of the two polycrystals deformed at 150ºC and 250ºC. In general only one slip trace (or one set of parallel slip traces) was detected for each grain. The Schmid factors (SF) for the slip systems found to be active in each grain were calculated taking into account the corresponding pre-test EBSD-determined Euler angles and under the assumption of uniaxial tension along RD.
Finally, strain-rate-change (SRC) tensile tests was performed at 250ºC in a universal Instron 1362 machine equipped with a four-lamp ellipsoidal furnace to determine the apparent stress exponent, n ap , which was directly calculated from the experimental data using the following relation:
The following schedule of strain rates was utilized. The initial strain rate was 10 -3 s -1 . A first strain rate jump down to 3x10 -4 s -1 was performed after a plastic deformation of ∼10%. Then, the strain rate was consecutively reduced down to 10 -4 , 3x10 -5 , 10 -5 and 3.10 -6 s -1 . The material was allowed to flow for strains ranging from 2% to 4% at each step. Subsequently, the strain rate was again consecutively increased in five steps (using the same strain rates mentioned above) up to 10 -3 s -1 , as a check on the repeatability of flow stress measurements and in order to verify that no noticeable changes in grain size occurred during straining at the low strain rates. More details about the SRC tests can be found elsewhere [15] .
All the mechanical tests were performed in dog-bone tensile samples with 10 mm gage length and a transversal section of 2×2.5 mm 2 that were electrodischargemachined with the tensile axis parallel to the rolling direction (RD).
Results and discussion

High temperature macroscopic mechanical response under tension at moderate
temperatures and quasi-static rates. The tensile true stress-true strain curves belonging to tests along RD performed to failure at 150°C and 250°C and at an initial strain rate of 10 -3 s -1 are plotted in Fig. 2 .
It is shown for each of the two polycrystals that, as expected, raising the test temperature gives rise to a decrease in the flow stress and an increase in ductility.
However, at a given test temperature, the flow stress for the finer-grained sample falls below that of the coarser. This softening with decreasing grain size during testing at quasi-static rates and moderate temperatures has been reported earlier in Mg alloys [9] [10] [11] [12] [13] [14] [15] and no consensus has been reached as to the fundamental basis for this phenomenon. The present study aims to bring further experimental evidence that helps to elucidate this matter.
The work hardening behavior (WH) of the two investigated pure Mg polycrystals has been analyzed by means of the macroscopic WH rate, θ=dσ/dε, where σ and ε are the macroscopic true stress and true plastic strain, respectively. The (Fig. 3) , which provides information on the dislocation evolution, shows near parabolic curves for all the investigated conditions and a clear decrease of the rate of dislocations´ storage with decreasing grain size. It pole figures of selected areas of the two polycrystals under study prior to testing and after a strain of ~10% at 250ºC. Some cracks became apparent at the grain boundaries of the strained samples as non-indexed points, especially for the finer-grained microstructure (d=19 µm), where it seems that strain tends to concentrate along deformation bands. Most importantly, it is evidenced in Fig. 4 that the grains remain fairly unchanged after tensile testing at 250ºC. In addition, the initial strong basal texture is retained after deformation. Altogether, these observations confirm the thermal stability of the investigated microstructures and indicate that dynamic processes, such as ab-normal coarsening or dynamic recrystallization (DRX), do not take place during tensile testing under the selected conditions.
High temperature slip activity.
An exhaustive EBSD-aided slip trace analysis was carried out at approximately 10% strain with the aim of inferring the effect of temperature on the incidence of the different deformation systems during tension along RD in the two pure Mg polycrystals under study. For each sample, large areas were inspected, as shown in the EBSD IPF maps of Fig. 1 When the testing temperature is raised from 150°C to 250ºC, apparently contradicting changes in the slip activity are observed in the two polycrystals. In particular, while in the coarser polycrystal (d=36 µm) the frequency of non-basal traces decreases from 97% to 60% and the frequency of basal traces increases from 3% to 40%, in the finer-grained polycrystal (d=19 µm) the frequency of non-basal traces increases from 26% to 42% and the frequency of basal traces decreases from 74% to 58%. These observations may be rationalized as follows.
Influence of grain size-texture correlations and grain size distributions.
Let´s first analyze the changes in slip activity observed in the coarser polycrystal. Fig. 6 illustrates the SF distributions with respect to the global external stress corresponding to the pyramidal <c+a>, prismatic and basal traces detected in the coarser Mg polycrystals after deformation at 250ºC, together with a {0001} discrete pole figure showing the orientation of the c-axes of grains with pyramidal <c+a> (blue dots), prismatic (red dots) and basal (green dots) traces. It can be seen that a significant portion of the pyramidal <c+a> slip traces were detected in grains with low SF, indicating that they were not activated in response to the applied stress. This is consistent with the well-known role of pyramidal <c+a> slip in the accommodation of strains at GBs (non-Schmid slip activation) [2] . However, the high SFs of most basal traces reveal that basal slip did become active in response to the applied stress. These changes in slip activity do not appear to be consistent with earlier studies on the thermal activation of the different deformation modes in single crystals [31, 32] , which report that CRSS non-basal decreases with increasing temperature and that basal slip is athermal at T>25°C, which would give rise to an enhanced contribution of non-basal slip at higher temperatures. In the following we will show how the observed promotion of basal slip in the coarser polycrystal at 250ºC (Fig. 5 ) may, instead, result from the presence of grain size-texture correlations (see below) as well as from the relaxation of constraints imposed to grains favorably oriented for basal slip by their neighbors (section 3.2.2). Fig. 7 illustrates the grain size distribution corresponding to the polycrystal with d=36 µm. This positively skewed unimodal distribution follows approximately a statistical log-normal density probability function, in agreement with previous experimental works [33] [34] [35] [36] and modeling studies of normal grain growth [37, 38] . The size of individual grains (D) ranges from 3 µm to ~200 µm. The width of the distribution is often represented by the parameter σ 0 /µ, which may be calculated by the following expression:
where S is the standard deviation of the distribution of the logarithms of the grain sizes (Ln(D)). In the pure Mg polycrystal with d=36 µm, σ 0 /µ~1.1, which is a high value compared to the widths of lognormal distributions measured experimentally in previous works, which range between 0.3 and 1 [33] [34] [35] [36] . A few modeling studies have analyzed the impact of grain size distributions on the mechanical response of polycrystalline materials [39] [40] [41] [42] [43] . In general, it is commonly believed that, at low temperatures, HallPetch strengthening results in the larger grains having lower yield stresses and, thus, deforming more than the finer grains. However, at higher temperatures, GB strengthening effects become less important and thus strain is distributed more homogeneously throughout the entire grain population. Fig. 8 illustrates the EBSD IPF maps in the ND as well as the {0001} EBSD pole figures corresponding to grains with sizes (D) larger (Fig. 8a) and smaller ( Fig. 8b ) than the average value (d=36 µm). It can be seen that the basal texture is significantly stronger in the coarser than in the finer grains (I max =15 and 10, respectively). This is consistent with the preferential growth of grains with c-axes close to ND during the post-rolling annealing treatment, which has often been observed in Mg alloys [44] . In the polycrystal with d=19 µm the frequency of non-basal traces increases from ~26 % to ~42 % when the testing temperature is raised from 150°C to 250°C and, consequently, the frequency of basal traces decreases from 74% to 58%. and modeling works in single crystals [31, 32] . However, it must be noted that, despite the dramatic decrease in the CRSS non-basal /CRSS basal ratio at the temperatures of interest [31] , the increase in non-basal activity is only moderate (~16 %). This suggests that additional microstructural features might also influence slip activity (see section 3.2.2).
The effects of grain size distributions on the mechanical behavior of metals have been scarcely studied experimentally to date and only some modeling efforts have been devoted to clarify this issue [39] [40] [41] [42] [43] . In general, they are known to be stronger for wider distributions and smaller mean grain sizes, which promote larger elastoplastic transitions. The smaller impact of the grain size distribution in the finer-grained polycrystal, in comparison with the coarser one, could be consistent with the presence of a smaller width (σ 0 /µ) of the grain size distribution (0.82 vs 1.1).
Influence of percolation between grains favorably oriented for basal slip.
Figs. 14a and 14b illustrate, respectively, the EBSD of grains which are well oriented for basal slip in the polycrystals with d=36 µm and d=19 µm in the as- 
Origin of the anomalous softening with grain refinement during dislocation mediated power law creep.
Several contradictory evidences have been published regarding the effect of grain size during power law creep in Mg alloys [7] [8] [9] [10] [11] [12] [13] [14] [15] . Overall, in microstructures with grain sizes larger than about 60 µm, the flow stress is observed to be rather insensitive to d [7, 8] , in agreement with well-accepted models of dislocation slip-mediated power law creep (n=3-7) [3, 4] . However, an anomalous softening with decreasing grain size has been consistently reported for d values smaller than approximately 40 µm [9] [10] [11] [12] [13] [14] [15] and it has also been evidenced in the current study of pure Mg polycrystals when the average grain size decreased from 36 µm to 19 µm (Fig. 2) .
The two explanations that have been put forward to explain this phenomenon include and enhancement of DRX [14] as well as of GBS and multiple slip with decreasing grain size [15] . In the following, the plausibility of these two arguments to rationalize the softening observed in the current study is discussed. First, as illustrated in Fig. 4 , the microstructure of the two polycrystals investigated remains very stable during testing up to temperatures of 250°C, and thus DRX must be ruled out as the origin of the observed softening with grain refinement. Second, since it is well known that GBS activation leads to significant increases in ductility [46] , an enhanced contribution of GBS with temperature in the finest microstructure does not seem consistent with the fact that, as revealed in Fig. 2 , at 250ºC, the ductility decreases with decreasing grain size.
In order to better assess whether GBS has a significant contribution to strain, an analysis of the apparent stress exponents, !" , measured in the two pure Mg polycrystals from SRC tests at 250ºC, was carried out, and the results are shown in Fig.   16 . The logarithm of is represented in Fig. 16a as a function of the logarithm of the true flow stress, σ, for the two microstructures investigated. In addition, Fig. 16b shows the variation of n ap with the strain rate ( ). The minimum and maximum apparent stress exponents calculated for each sample have been indicated in Fig. 16a . It must be noted here that the occurrence of microstructural instabilities during SRC tests can be ruled out because a perfect coincidence was found between --σ pairs measured during the downward and upward strain rate steps [47] . Fig. 16 reveals a gradual reduction of the stress exponent as decreases from 10 -3 s -1 to 10 -5 s -1 for the two polycrystals investigated. In particular, in the coarsest microstructure (d=36 µm), n ap decreases from 8 to 3.6 while in the finest one (d=19 µm) the n ap values range from 6.2 to 3.2. Several conclusions may thus be drawn from Fig. 16 . First, at the relatively elevated strain rate at which the constant crosshead speed tests of Fig. 2 were performed (10 -3 s -1 ) and, in fact, at all strain rates higher than ~10 -4 s -1 , n ap values are higher than 5 in both polycrystals which, according to the currently well-established understanding of creep [3, 4] , clearly indicates that deformation is dominated by dislocation slip and, thus, that the contribution of GBS is expected to be minimal. Second, the anomalous softening with decreasing grain size observed during constant crosshead speed tests (Fig. 2) at an initial rate of 10 -3 s -1 is also apparent at all the strain rates for which creep is controlled by dislocation slip. Third, the stress exponent is always lower in the finer-grained polycrystal. This is consistent with the work of Del Valle et al. [15] , who observed that n ap decreased from 9.8 to 6.8 in a rolled AM60 alloy when the grain size decreased from 23.5 to 17 µm at 250ºC and relatively high strain rates. Finally, an increased contribution of GBS may indeed occur at strain rates of ≈10 -5 s -1 (two orders of magnitude smaller than those of the constant crosshead speed tests of the present study)
as suggested by the reduction in n ap down to values approaching 3 [48] .
Altogether, the microstructure and mechanical property measurements reported above suggest that the origin of the anomalous softening observed here in pure Mg at moderate temperatures and relatively high quasi-static strain rates, where dislocation slip controls deformation, can´t be attributed to either the enhancement of DRX or of GBS. Instead, it is our contention that this effect is due to the observed increased activity of basal slip with decreasing grain size (Fig. 5) . The higher ductility at 250°C of the polycrystal with d=36 µm could be attributed to the more balanced activation of basal, prismatic and pyramidal <c+a> systems.
Earlier works have demonstrated a strong influence of texture on the slipdominated creep behavior of Mg alloys [11, [49] [50] [51] [52] and, in particular, have shown that an increased contribution of basal slip leads to softening. For example, Del Valle et al [15] reported that the flow stress of an AM60 Mg alloy processed by equal channel angular pressing (ECAP) was approximately 30% lower than that of the same alloy processed by rolling, even though both specimens had a similar grain size of 18-20 µm.
This was attributed to the presence of a larger fraction of grains favorably oriented for basal slip in the ECAP-processed samples. Thus, the current study suggests that a reduction in grain size in rolled Mg has an equivalent effect to that obtained by altering the texture while keeping a constant grain size.
The conflicting evidences reported in the literature regarding the influence of grain size on the flow stress during power law dislocation mediated creep [7] [8] [9] [10] [11] [12] [13] [14] [15] may, then, be rationalized as follows. In coarse grained polycrystals non-basal slip plays a dominant role at moderate temperatures and intermediate strain rates and, thus, no significant changes in the flow stress with grain size are expected, in agreement with earlier works [7, 8] . However, when the average grain size decreases below a critical value, the contribution of basal slip to deformation increases gradually, leading to the observed softening and to a decrease in the stress exponents.
Origin of the decrease in strain anisotropy with increasing temperature
Inferring the activity of different deformation mechanisms from the variation of the r-value at a specific strain is not a straightforward task since there might be a relatively large inherent error in the measurements, which can be influenced by many factors, including specimen geometry and size. However, despite these observations must be taken with caution, a general consensus exists about the reduction in r-value in Mg rolled alloys, tested in tension at quasi-static rates (~10 -3 s -1 ), when the temperature is raised from RT to approximately 200ºC, which has been repeatedly reported for specimens with average grain sizes from 47 to 2 µm [16] [17] [18] [19] [20] [21] . The current work suggests that, at least in the samples with moderate to large grain sizes (d>10-15 µm) the origin of the decrease in the r-value might lie in the relatively balanced contribution of basal and non-basal systems to deformation.
Conclusions
This research aims to contribute to the discussion of several remaining controversies regarding the high temperature mechanical behavior of Mg. With that purpose, two pure Mg polycrystals were rolled and annealed at the appropriate conditions to design two microstructures with d values of 36 µm and 19 µm, and similar textures and misorientation distributions. Subsequently these two polycrystals were tested in tension along RD at 150ºC and 250ºC and at 10 -3 s -1 and the incidence of basal, prismatic and pyramidal <c+a> slip was estimated by EBSD-aided slip trace analysis for all the testing conditions investigated. Slip activity was related to the corresponding macroscopic mechanical response as well as to the texture and microstructure evolution.
The following conclusions may be drawn from this study:
1. An anomalous decrease of the flow stress with decreasing grain size was observed during tension along RD at the two temperatures investigated (150ºC and 250ºC), at which creep is dominated by dislocation slip and where the stress exponents are higher than 5. Simultaneously, WH decreases abruptly with decreasing grain size.
2.
At 150ºC a transition from non-basal to basal dominated flow takes place when d decreases from 36 µm to 19 µm. This is consistent with earlier studies, which reported an increase in the CRSS non-basal /CRSS basal ratio with decreasing d. The current results suggest that the influence of GBs is still strong at 150ºC.
3.
At 250ºC an increase of basal slip activity is observed in the coarsest polycrystal.
It is shown that this is a manifestation of both grain size distribution and basal slip percolation effects. More specifically, it is attributed, first, to the effect of the existing remarkable grain size-texture correlations, whereby the finest grains in the distribution, which have a higher contribution to strain at high temperatures, are better oriented for basal slip and, second, to the relaxation of constraints imposed by neighbours to grains that are favourably oriented for basal slip.
4.
In the finer-grained polycrystal, on the contrary, an increase of non-basal activity is observed at 250ºC. This is consistent with enhanced thermal activation of prismatic and pyramidal systems. The impact on the slip activity of the existing texture-grain size correlation, which is similar to that observed in the coarser polycrystal, is found to be smaller due to the narrower grain size distribution. The fact that, despite the dramatic decrease in the CRSS non-basal /CRSS basal ratio at 250ºC, the reduction in basal slip activity is only moderate, may be attributed, again, to the relaxation of constraints imposed by neighbours to grains that are favourably oriented for basal slip. In fact, due to the higher degree of connectivity of grains that are favourably oriented for basal slip in this finer-grained polycrystal, increasing the temperature results in the formation of basal slip bands.
5.
The above results may aid to rationalize the following controversies regarding the high temperature mechanical behaviour of Mg alloys. First, the anomalous softening with decreasing grain size within the dislocation-mediated creep regime, observed in the present study and reported consistently in the literature, may be attributed to the higher incidence of basal slip with grain refinement.
Second, the decrease in the strain anisotropy (r-value) when the temperature is raised to approximately 200ºC, at least in samples with medium to large grain sizes, may result from a balance activity of basal, prismatic and pyramidal systems during straining. up to a strain of ~10%. 
